Epimutations in fungal pathogens are emerging as novel phenomena that could 9 explain the fast-developing resistance to antifungal drugs and other stresses. These 10 epimutations are generated by RNA interference (RNAi) mechanisms that transiently 11 silence specific genes to overcome stressful stimuli. The early-diverging fungus Mucor 12 circinelloides exercises a fine control over two interacting RNAi pathways to produce 13 epimutants: the canonical RNAi pathway and a new RNAi degradative pathway. The 14 latter is considered a non-canonical RNAi pathway (NCRIP) because it relies on RNA-15 dependent RNA polymerases (RdRPs) and a novel ribonuclease III-like named R3B2 to 16 degrade target transcripts. Here in this work, we uncovered the role of NCRIP in 17
123
Results 124 NCRIP preferentially regulates functional processes during non-stressful conditions 125 The higher resistance to oxidative stress of M. circinelloides NCRIP-deficient 126 mutants prompted us to identify the genes controlled by this RNAi pathway in response 127 to the oxidative burst of macrophages during phagocytosis. To this end, we performed a 128 transcriptomic analysis of the gene expression profiles obtained from high-throughput 129 sequencing of mRNA (RNA-seq) from spores of the wild-type strain and mutants lacking 130 NCRIP activity (r3b2Δ or rdrp1Δ). The spores were single-cultured in rich medium L15 131 (saprophytic conditions), and co-cultured with the J774A.1 cell-line of mouse 132 macrophages (1.5:1 spore-macrophage ratio) for 5 hours to ensure that most of the spores 133 were phagocytosed. These macrophage samples represent the closest in vitro environment 134 to a clinical in vivo context in which the germinating spores must rapidly overcome 135 oxidative stress to escape from the innate immune response. 136 Messenger RNA was isolated and deep sequenced to analyze the transcriptional 137 response of the control wild-type samples with or without macrophages (Fig 1A, WTM 138 or WTC, respectively), and the two mutant samples, with macrophages ( Fig 1A, r3b2∆M   139 and rdrp1∆M) or without ( Fig 1A, r3b2∆C and rdrp1∆C) . We performed a principal 140 component analysis of the expression values for all genes (mean CPM > 1.0 per gene in 141 all conditions) to further study the variability among the samples ( Fig 1A) . This analysis 142 revealed that the NCRIP mutant strains, r3b2Δ and rdrp1Δ, clustered closely together and 143 had a distinct transcriptomic profile compared to the wild-type strain growing in 144 saprophytic conditions without macrophages. However, when the macrophages 145 phagocytosed the spores, the mRNA repertoire of all strains formed a closer cluster and 146 showed a more similar profile. To identify these changes in gene expression, the genetic 147 profiles of the two mutants were compared to the wild-type strain in the presence or 7 148 absence of macrophages (S1 Dataset). A threshold of a corrected p-value under 0.05 149 (False Discovery Rate [FDR] of 0.05) and a log 2 FC ≥|1.0| was selected to consider 150 differentially expressed genes (DEGs). The deletion of either the r3b2 or the rdrp1 gene 151 caused a profound variation in the mRNA profiles of M. circinelloides, especially when 152 the fungus grows without macrophages (Table 1) . Under these saprophytic conditions, 153 most DEGs trend towards upregulation in the wild-type strain, as expected from the direct 154 repressive activity of NCRIP. However, downregulation modestly prevailed in the wild-155 type spores phagocytosed by macrophages, suggesting repression of a few primary direct 156 targets of NCRIP that control a vast network of secondary targets (Table 1) . and rdrp1Δ mutants regardless of the presence or absence of macrophages, and these 173 genes might be regulated by NCRIP and involved in essential processes required under 174 all conditions ( Fig 1B) . These higher differences without macrophages and the low 175 number of DEGs in the presence of macrophages are in accord with the results observed 176 in the principal component analysis ( Fig 1A) .
177
To survey the possible cellular processes controlled by the NCRIP machinery in possibly because the gene set was too small to produce a significant result. Instead, r3b2Δ 187 and rdrp1Δ mutants showed independent roles in amino acid transport and metabolism, 188 and chromatin structure and dynamics, respectively, suggesting that these genes perform 189 specific roles required during phagocytosis that are not controlled by NCRIP. Altogether, 190 these results indicated a preferential activity of NCRIP under non-stressful conditions, 191 when the spores are cultured without macrophages.
192

NCRIP repressed the genetic response to phagocytosis during non-stress conditions 193
Previous studies revealed an intricate network of genes activated in response to 194 phagocytosis, which is essential for the pathogenic potential of Mucorales [13] .
195
Considering the large number of genes regulated by NCRIP, and the functional processes 9 196 involved, we postulated that some of these genes might participate in the response to 197 phagocytosis. To address this hypothesis, we analyzed the DEGs detected in response to 198 phagocytosis in the wild-type strain and the rdrp1Δ and r3b2Δ mutants and presented the 199 results in a three-way Venn's diagram ( Fig 3A) . The most marked result from this analysis 200 is the high number of genes (a total of 908 out of 1156) differentially expressed only in 201 the wild type during phagocytosis, but not in the rdrp1Δ or r3b2Δ mutant. Therefore, 202 these results identified a broad set of genes responding to phagocytosis in the wild-type 203 strain that is unable to respond in the mutants lacking the NCRIP pathway. Two 204 alternative possibilities could explain these results: either these genes required a 205 functional NCRIP for their activation during phagocytosis or NCRIP is repressing them 206 under non-stressful conditions without macrophages.
207
To clarify the role of NCRIP in the regulation of this gene network, we further 208 analyzed their expression levels in three different comparisons: WTM vs. WTC, r3b2∆C 209 vs. WTC, and rdrp1∆C vs. WTC ( Fig 3B) . Surprisingly, the differential expression in 210 both rdrp1Δ and r3b2Δ mutants compared to the wild-type strain in saprophytic 211 conditions was almost identical to those found in the wild-type strain responding to 212 phagocytosis ( Fig 3B) . This analysis showed a group of genes activated both by 213 macrophage-mediated phagocytosis in the wild-type strain and by the lack of rdrp1 or 214 r3b2 ( Fig 3B, coincidences analysis found that all of these marker genes were also controlled by NCRIP during 226 saprophytic growth (S1 Dataset), and thus, they were employed here to validate the 227 transcriptional pre-activation observed in the mutants rdrp1Δ and r3b2Δ without 228 macrophages ( Fig 3C) . We found that the four marker genes showed significant induction 229 in the two mutants without macrophages, similar to the previously reported increased 230 expression observed in the wildtype during phagocytosis [13] , indicating that NCRIP 231 controls the response to phagocytosis by repressing it during non-stressful conditions.
232
Functional enrichment analysis of this gene set was performed to further 233 understand the biological processes controlled by this response (Fig 4) . We observed a response was functionally similar to that observed from the whole gene profile identified 245 in the NCRIP mutants under non-stressful conditions (Fig 2) .
246
NCRIP negatively regulates the protective role of the canonical RNAi pathway in
247 the suppression of Grem-LINE1s retrotransposons 248 The results presented above indicate that NCRIP represses genes during non-249 stressful conditions and then releases its control upon phagocytosis by macrophages, a 250 clear challenging stimulus. However, the expression profiles analyzed did not reveal any 251 specific pathway involved in sporulation or mating. Because mutants in the machinery of 252 NCRIP also display defects in the production of zygospores during mating, we 253 hypothesized that NCRIP might also contribute in the regulation of genes involved in 254 other stresses such as antifungal agents [4, 9] and genomic integrity stress, which could wild-type strains and the r3b2Δ and rdrp1Δ mutants ( Fig 5A) . The pericentric regions are 265 almost depleted of siRNAs in the ago1Δ and dcl1 dcl2Δ mutants, whereas the wild-type 266 strain exhibited an active production of siRNAs aligned to these loci, as previously open reading frame (ORF2) and its reverse transcriptase domain (RVT). The over-270 accumulation of siRNAs (≥ 1.5 log 2 FC) is consistent among all Grem-LINE1s in the 271 r3b2Δ and rdrp1Δ mutants ( Fig 5B) . These results suggest an enhanced activity of the 272 canonical RNAi machinery degrading the target retrotransposons when NCRIP is not 273 active and therefore, a negative regulatory role for NCRIP.
274
Lack of NCRIP decreases virulence 275
Virulence is a complex trait that depends on multiple genes and is controlled by . The results of these assays showed a significant reduction in virulence of the 284 two mutant strains (Log-rank Mantel-Cox test, p = 0.0061 in rdrp1Δ vs. R7B; p = 0.040 285 in r3b2Δ vs. R7B; Fig 6) , indicating that NCRIP controls the expression of genes involved 286 in virulence.
288
Discussion 289 290
Among the diversity of RNAi pathways in M. circinelloides, NCRIP is the most 291 recently discovered. It is a new mechanism that remains largely uncharacterized, and its regulatory role of NCRIP in fungal physiology rather than a simple degradation 297 mechanism for functional or damaged RNAs. Thus, we identified hundreds of genes 298 regulated by NCRIP, including genes involved in survival during phagocytosis. The 299 analysis of the spore response to the phagosome revealed a derepression of a complex 300 gene network activated in the fungal spore after the interaction with macrophages.
301
Moreover, we identified a negative regulatory role of NCRIP over the canonical RNAi 302 pathway in the control of transposable elements, extending the functional complexity of 303 this mechanism beyond the control of cellular mRNA levels. These complex functional 304 roles of NCRIP correlated with the pleiotropic phenotypes observed in mutants of this 305 pathway, including the reduced virulence described here.
306
Regarding the gene network regulated by NCRIP, previous studies suggested a 307 broad regulatory function of this pathway based on the discovery of 611 loci producing 308 sRNAs in a dicer-independent rdrp-dependent manner [10] . Here, we have directly 309 analyzed the transcriptomic profiles in NCRIP key mutants, identifying a substantial 310 number of DEGs in both rdrp1 and r3b2 mutants compared to the wild-type strain.
311
However, a significantly lower number of genes were regulated in these mutants upon 312 phagocytosis compared to the complex response observed in the wild-type strain [13] .
313
The principal component analysis and the comparison of the four profiles among them 314 further confirmed this strong bias among samples. Thus, NCRIP showed a differential 315 regulatory intensity when rich and stressful environments were compared. These results 
319
Previous studies support this hypothesis, finding a similar regulatory mechanism in the 320 epimutational pathway, which also suggested a negative regulatory role under no stress 14 321
conditions [9] . A more in-depth analysis of the gene profiles and their expression levels 322 supports our hypothesis because the mutants activated the gene response to phagocytosis 323 before the interaction with macrophages. These findings might explain the augmented 324 oxidative stress resistance observed in the NCRIP mutants in vitro [10] . Thus, the mutants 325 in NCRIP could be unable to respond properly to stress because they show constitutive 326 expression of these genes which might lead to a pre-exposure adaptation to the stimuli. type strain with the response of the NCRIP mutants in non-stressful conditions. DEGs are
